Abstract. The present third part of the study, concerning the evaluation of earthquake hazard in Greece in terms of various ground motion parameters, deals with the deaggregation of the obtained results The seismic hazard maps presented for peak ground acceleration and spectral acceleration at 0.2 s and 1.0 s, with 10% probability of exceedance in 50 years, were deaggregated in order to quantify the dominant scenario. There are three basic components of each dominant scenario: earthquake magnitude (M), source-to-site distance (R) and epsilon (ε). We present deaggregation maps of mean and mode values of M-R-ε triplet showing the contribution to hazard over a dense grid.
Introduction
From an earthquake design perspective, probabilistic seismic hazard assessment (PSHA), aggregates ground motion contributions from all the earthquakes of different magnitudes occurring at different source to site distances; but one does not know a priori whether the estimated ground motion at the site is due to contributions from closer, smaller events or from contributions from distant, larger events. The concept of deaggregation was introduced in order to highlight the relative contribution of events to the overall seismic hazard. Commonly the overall seismic hazard is deaggregated in terms of at least two variables: magnitude (M) and sourceto-site distance (R) (Chapman, 1995; McGuire and Shedlock, 1981; Stepp et al., 1993) With the aim of deaggregation, the predominant earthquake scenario can be generated and corresponding time-histories can be selected and/or simulated for use in advanced design of critical structures or detailed site effects (i.e. slope stability, liquefaction) analysis.
Correspondence to: G-A. Tselentis (tselenti@upatras.gr) McGuire (1995) has defined the design or "beta" earthquake based on the deaggregation of the hazard with respect to the M-R pair and an additional variable referred as epsilon (ε), defined as the number of standard deviations from the median ground motion predicted by an attenuation relationship. The calculation of the design or "beta" earthquake is based on the identification of the dominant seismic source and its associated M-R-ε triplet to generate the target uniform hazard spectrum.
To understand the relative contribution of seismic sources to the overall hazard Bazzurro and Cornell (1999) , introduced deaggregation of the seismic hazard in terms of latitude and longitude, rather than distance and referred this as geographical hazard deaggregation. Such geographical deaggregation, or 4-D (M-φ • -λ • -ε) deaggregation, provides the spatial distribution of the predominant sources of seismic hazard (Halchuck and Adams, 2004; Halchuck et al., 2007; Harmsen and Frankel, 2001; Montilla et al., 2002) .
Maps depicting the spatial distribution of M, R or ε were found to be useful for comparing probabilistic ground motions with ground motion from scenario earthquakes on dominant faults (Cramer and Petersen, 1996; Harmsen, 2002) . The deaggregation process can be also extended to analize loss estimation (Cao, 2007) , breaking down the loss curve into short-term, medium-term, and long-term losses. These measures are not limited to single site assessments, but all can be evaluated for geographically distributed portfolios, and they are useful to risk managers who are seeking to mitigate against possible losses (Smith, 2008) .
Recently, Pagani and Marcellini (2007) have proposed a new PSHA deaggregation technique that considers the number of earthquake occurrences in addition to the usually adopted M-R-ε triplet. The technique relies on two aspects: (i) deaggregation is made in terms of probabilities and (ii) the contributions to the deaggregation hazard values are given by single or multiple earthquake occurrences.
The technique was tested for three different source models: a single point source, gridded seismicity and a vertical fault and offers interesting insights into the mechanism of hazard computation. The fault example provided evidences that in high-seismicity regions the final hazard values are dominated by the occurrence of multiple events, whereas the gridded seismicity example suggested the dominance of single occurrence on the hazard values.
Formally, a deaggregation process implies the computation of the fractional contributions of different scenario groups that contribute to the global hazard at a given return period. In practice this is achieved by grouping together similar scenarios in bins and express them as probabilistic density (or mass) functions of magnitude, distance and other variables, such as ε. During deaggregation process, the relative contribution to the hazard of each bin is calculated by dividing the bin exceedance frequency by the total exceedance frequency of all bins. The mathematical expression of the deaggregation process is given by:
where λ(m i ) is the frequency of earthquakes on seismic sources "i" above a minimum magnitude of engineering significance (m • ); P Y ≥ y * |m,r,ε is the probability that, given a magnitude M i earthquake at a distance R i from the site, the ground motion exceeds a value y * ; f M (m) i represents the probability density function associated to the likelihood of magnitude of events (m i < M i < m u i ) occurring in source "i"; f R (r|m) i is the conditional probability density function used to describe the randomness epicenter locations within each source "i"; and f E (ε) i is the probability density function of ε; and v Y (y * ) is the annual frequency of exceeding ground motion level y * . Equation (1) yields the bin with the largest relative contribution to the total hazard, as the dominant or controlling scenario(s). The identified dominant scenario is commonly defined in terms of two statistical descriptors -mean or modal -of the joint contribution (magnitude, distance or other parameters). Another statistical descriptor commonly used in PSHA is the median. From the statistical point of view, the mean is the arithmetic average of a set of data. The median is the value for which half the observations are smaller and half larger. The mode is the most frequent value. It should be acknowledged that these average descriptors do not lead to the same value, unless a normal distribution is considered.
In the deaggregation context, among the two average descriptors, the mode is considered as a better descriptor of a realistic dominant scenario, particularly for regions exhibiting more than one significant seismic sources. The mode gives the most likely value of magnitude, distance or other parameter that may contribute to a specified ground motion level. The disadvantage of using mode values is that they are variant with respect to binning schemes, and therefore not so robust.
Alternatively, the mean is simple to compute, invariant with respect to binning schemes but may not provide values corresponding to a plausible earthquake scenario. Therefore, it is obvious that the output of hazard deaggregation is bin dependent, and the selection of the width of each bin represents an important aspect in seismic hazard deaggregation. From the bin size perspective, the commonly constrain is that the width of each bin should be defined in the same way as during the numerical integration of PSHA. Generally, the magnitude intervals are constant and the distance interval increasing with distance from the site, thus the interval values or binning schemes are arbitrary defined by engineers conducting the analysis (Abrahamson, 2006) .
In the present study, the seismic hazard calculation conducted for Greece in terms of various ground motion parameters , is deaggregated in order to identify the contribution of various sources to the final hazard results. The seismic hazard was deaggregated following the methodology proposed by Bazzurro (1998) and Bazzurro and Cornell (1999) and we have deaggregated the seismic hazard in terms of the M-R-ε triplet, called 3-D deaggregation. Regarding the ground motion parameters, our attention was focused on the peak ground acceleration (PGA) and spectral acceleration (SA) due to their importance on seismic design. The response periods of 0.2 s and 1 s were selected for the deaggregation of SA.
The PSHA was carried out for the region of Greece following the classical PSHA methodology introduced by Cornell (1968) and improved by Esteva (1970) . Temporal occurrences of earthquake, as well as the occurrence of ground motion at a site in excess of a specified level were represented by a Poisson process. The estimation of seismic hazard relied on the seismogenic sources, represented as areal sources and their associated seismicity parameters defined by Papazachos and Papaioannou (2000) . The minimum magnitude used was 5.0, defined in terms of moment magnitude, whereas the maximum magnitude considered was the maximum observed magnitude plus a half magnitude unit.
Several ground motion predictive equations, or commonly referred attenuation relationships, were used for each ground motion parameter in order to account for the epistemic uncertainty associated with the ground motion prediction. These predictive equations are more likely to be valid for the region under investigation and their associated weights must sum to 1.
The calculation of seismic hazard in terms of PGA was performed considering three predictive models: Danciu and Tselentis (2007) , referred as DT07a, Margaris et al. (2002) , referred as MA02 and Skarlatoudis et al. (2003), referred as SK03. In the initial PSHA computation, the predictive ground models DT07a and SK03 were credited with a 35% weight, because they were making a distinction between different fault mechanisms, whereas the MA02 was assigned with a 30% weight. As in the case of PGA, the seismic hazard computation in terms of spectral acceleration, was performed considering two ground motion predictive models: Danciu and Tselentis (2007), referred as DT07b and Ambraseys et al. (2005), referred as AM05. A slightly different weight was assigned to each predictive model: 55% DT07b and 45% for AM05. The aleatory uncertainty associated to ground motion was accounted for, by integrating into the PSHA calculation the ground motion variability that is, the standard deviation associated to each ground motion model. A uniform level of truncation, equal to 3, was assigned to each ground motion predictive equation. The PSHA computation was carried out over a grid of points equally spaced at 10 km, for a uniform rock soil condition and a unique return period of 475 years (probability of exceedance of 10% in 50 years). Next, the determined seismic hazard was deaggregated for each ground motion predictive equations and for the corresponding level of ground motion. The final deaggregation results at each grid point were determined by re-assembling the deaggregation results according to the weighting scheme associated to each ground motion model.
The same bins of magnitude and source to site distance were used to calculate the deaggregation as in the case of calculating the seismic hazard. The moment magnitude M, was binned into intervals of width 0.25 M, for source to site epicentral distance R and the binning scheme is presented in Table 1 . The hazard with respect to ε was binned into intervals of width 0.2ε. Both mean and mode values of deaggregation in terms of magnitude, distance, latitude-longitude, as well as ε were determined.
3-D deaggregation results
The seismic hazard was deaggregated in terms of the M-R-ε triplet and reported for mean ( M, R, and ε ) and mode ( M, R and ε ) values, associated with a corresponding 475 years return period or 10% 50 year probability of exceedance. Fi- gures 1, 2, and 3 present respectively the spatial distribution of the M, R, and ε and ( M, R and ε ) values over the entire region of investigation, as resulted from disaggregating in terms of median PGA and SA at two spectral values, the short-period value corresponding to 0.2 s and the long-period value corresponding to 1.0 s. The geographical distribution of the magnitude presented in Fig. 1 , shows the differences between the M and M values, as well as the differences between the magnitude trend at short (0.2 s) and intermediate (1.0 s) periods. We can observe that the deaggregation results follow the seismicity pattern, particularly for the mean values. This trend was expected, due to the fact that the present seismic hazard calculation was based on homogeneous seismotectonic zones.
At short periods, such as 0.2 s, the seismic hazard in Greece is dominated by scenarios of moderate magnitude of about 5.7 M to 6.1 M, most likely to occur at very close source-to-site distances, within a distance range of 0-40 km. At intermediate periods, such as 1.0 s, the seismic hazard is governed by scenarios of 6.0 M to 6.7 M and quite larger distance range, 0-80 km. Further investigation of these maps reveals that the distribution of the mean values is more uniform over the region, following the seismicity path modeled by the seismogenic sources. On the other hand, the distribution of the mode values is not uniform over the region, but still dependent on the seismogenic sources. Generally, the M values are larger than the M values, and the general trend is that both M and M values are increasing with period. Although, PGA is equivalent to the spectral acceleration at zero period, the observed magnitude trend is not obvious when the maps of M and M are compared. The M values in case of PGA, are exhibiting slightly larger than M values, particularly on those regions of high seismicity, such as, Ionian Islands, Central Greece, Western Crete Island, and Northern Greece.
The deaggregation results in the region of Ionian Islands, shows that the M and M values for spectral accelerations at the two periods of interest (0.2 s and 1.0 s) are very similar. Therefore, for regions of high seismicity, the dominant events might be selected from both M and M values. These dominant events are needed to be defined in terms of sourceto-site distance. The investigation of the mapped R and R values, presented in Fig. 2 shows a similarity as in the case of M and M values. Typically, both R and R values are increasing as the period increases from 0.2 s to 1.0 s. Again, it can be observed that the R and R values for very high seismic regions, such as the Ionian Islands, are close related to each other, particularly at short periods (0.2 s) and PGA. For the same region, slight differences might be observed at longer periods, at 1.0 s respectively, where the R values are larger than R values, however the difference is not significant. The increasing of the mean and mode magnitude and distance with increasing response period is a general behavior for uni-modal deaggregation plots (Harmsen et al., 1999) .
In the region of Cyclades Islands, it can be observed that both R and R values are larger than for the other regions. In this region, of low seismicity, the hazard contribution is influenced by the high seismicity rates of the surrounded seismogenic sources. For instance, the Cyclades Islands region comprises three seismogenic sources which represent regions of low occurrence rate and the observed magnitude are bellow 6.3 M.The surrounding seismogenic sources, all have high seismicity rates and large observed and expected magnitude values, above 7.3 M. Therefore, the seismic hazard within a region of low seismicity is dominated by more distant events arising from one or multiple surrounding seismogenic sources. The trend of the ε and ε values, as illustrated on Fig. 3 , is opposed to the observed trend for magnitude and distance. There is an overall tendency of decreasing the spatial distribution of the ε and ε values as the response period increases from 0.2 s to 1.0 s. Positive values of both ε and ε are observed for almost all the grid points. The negative values are reported only for ε and are mostly observed at intermediate periods. This might indicate that at those locations the estimated SA(1.0 s) is below the median SA(1.0 s) computed from the modal scenario defined by the M-R pair. On contrary, the positive ε and ε values are likely to produce ground motion above the median. Also, ε presents a greater geographical variance over the region than ε. The largest ε and ε values are concentrated in regions of high seismicity, characterized by larger, closer, and/or more frequent earthquakes.
With the aim of these maps, one might identify one or multiple scenarios for a particular grid point, from the corresponding M, R and ε and/or ( M, R and ε ) triplet reported on these maps. The corresponding M, R and ε and/or ( M, R and ε ) values were determined for 50 Greek municipalities as summarized in Table 2a and b. These results indicate that for most of the selected cities, the hazard is from close distance (<40 km) and moderate earthquakes (M<6.5). One aspect associated with these values used to define dominant scenarios is that, when the M-R-ε triplet is incorporated into the predictive equation, the identified scenarios might generate the target ground motion level, or will exceed the target ground motion level. It is important to note that the present deaggregation methodology, considers that the identified scenario, defined by the M-R-ε triplet, will exceed the target ground motion level. Harmsen and Frankel (2001) as well as, Bazzurro and Cornell (1999) have shown that for some regions in the western United States, the range of exceedance of the target ground motion level was small, with values ranging within 15-20% of the median value.
Conclusions
The disaggregation of hazard into relative contributions from different sources and earthquake events achieves an important two-fold result: better insights and improved communication of the hazard, and a more informed characterization of the ground motion to be expected at the site. These techniques are intended to support further engineering analyses which require information that goes beyond the knowledge of the likelihood of different ground motion intensities at the site.
A common application where such disaggregation results can be useful is in the development of ground motion accelerograms for design or rehabilitation of structures lo-
